Background: Radioiodine remnant ablation (RRA) has traditionally been one of the cornerstones of differentiated thyroid cancer (DTC) treatment. The decision to use RRA in low-risk (LR) and intermediate-risk (IR) patients is controversial. The aim of this review is to examine the evidence of RRA benefit in the staging, follow-up, and recurrence prevention in LR and IR DTC patients.
Despite the continuing controversies surrounding its use, radioiodine remnant ablation (RRA) has traditionally been one of the cornerstones of DTC treatment. The aim of this review is to examine the evidence of RRA benefit in staging, follow-up (F/U), and DR prevention in LR and IR DTC, which comprise most DTC patients in the 21st century.
Search Strategy
We performed PubMed research using the following search strategy: "low risk" [tiab] OR "low-risk" [ 
What Are the Rationales for RRA?
RRA consists of the oral administration of 131 Iodine, with the following goals (3): 1) to facilitate a patient's staging by revealing possible metastatic disease on the post-treatment scan and thereby detect early disease persistence; 2) to destroy thyroid remnants in order to facilitate F/U by enabling stimulated thyroglobulin (Tg) testing; and 3) to treat microscopic or "occult" persistent disease, fulfilling the role of adjuvant therapy.
RRA improves disease-free survival (DFS) and diseasespecific mortality (DSM) for high-risk patients (12) , but advantages in DFS and DSM are less clear for IR patients, and there is little evidence for benefit among LR patients. Current ATA RRA recommendations are summarized in Table 1 . We will examine each of the rationales for RRA and discuss each in detail.
Critical Examination of the Uses of RRA in LR and IR Patients
Goal 1: to facilitate a patient's staging by revealing possible metastatic disease on the posttreatment scan and thereby detect early disease persistence One of the main theoretical reasons to perform RRA is to facilitate staging through early disease detection. In LR and IR patients, however, the risk of persistent disease is about 2.5 and 11%, respectively, ranging from Ͻ 1 to 20% according to the different pathological features (7, 13) (B. Haugen, oral communication; and http://www.thyroid. org/members-only/member-resources/ata-draft-guidelines accessed 9/23/14). The disease is usually confined to the neck, whereas the occurrence of distant metastases (M1) is uncommon, with a 10-year distant DR rate of 1.3% in PTC patients (10) . Therefore, the main target in LR and IR patients is the early detection of locoregional disease. Radioiodine whole-body scan (WBS) has very high specificity (up to 100%) for disease detection but low sensitivity (51-55%), with a global accuracy of 90 -92% (14, 15) . The post-therapy (RxWBS) is more sensitive than the diagnostic WBS (DxWBS) (16) but suffers from low specificity, being prone to false-positive results (17) . In optimal conditions, RxWBS can detect lesions of Ͻ 0.2 g (a few millimeters), and DxWBS can detect lesions of Ͼ 0.2 g (18) . The frequency of post-RRA RxWBS that are suspicious for cervical lymph node metastases (N1) varies among different studies, ranging from 36% in a 2001 series by Mazzaferri and Kloos to 2% in a more recent report from Rosario et al (19 -21) . Some may argue that more precise localization techniques such as single photon emission computed tomography (SPECT)/computed tomography (CT) are now routine in clinical practice, with a gain of information in 20 -50% of patients (22) (23) (24) (25) . WBS and SPECT/CT may also reveal mediastinal N1. A recent study by Gallicchio et al (25) suggests that it is possible that SPECT/CT could identify lesions not detectable on neck ultrasonography (US). However, to our knowledge, there are no studies that directly compare SPECT/CT and neck US with regard to detection accuracy of N1 disease, and the report from Gallicchio et al (25) is the only study in favor of SPECT/CT. Currently, neck US is the most sensitive technique for N1 detection, with a global accuracy of US ϩ fine-needle aspiration biopsy of 100% as discussed below in "Which diagnostic tools can be used in non-RRA patients?" (26) . In a series of 359 DTC patients, RxWBS and neck US were compared in their ability to detect N1 in 116 patients who underwent neck US at the time of RRA. N1 were found on neck US in 18 patients, all of whom were WBS negative (14) . A 100% negative predictive value of an undetectable Tg and negative neck US has been observed (21) . All patients with metastases detected by RxWBS but not by US had stimulated Tg levels of Ͼ 10 ng/mL (21) . The presence of M1 can be suspected by the finding of elevated levels of Tg (3), typically above 5 ng/mL (27) . Only about 1% of patients with radiologically detectable M1 have undetectable Tg values (27) , and there are probably fewer with new ultrasensitive Tg assays.
On the basis of the foregoing discussion, it appears that neck US and serum Tg measurement are equivalent or superior in detecting and localizing residual disease compared to RxWBS. In any case, it is doubtful that early detection of microscopic locoregional metastases will impact on a patient's outcome (28).
Goal 2: to destroy thyroid remnants in order to facilitate F/U by enabling stimulated Tg testing
The main purpose of the postoperative F/U of patients with DTC is to identify those individuals with persistent or recurrent tumor (the minority) and those without evidence of disease, who are probably cured (the vast majority) (7) . In this regard, the ATA (3) and the European Thyroid Association (4) agree that Tg measurement fulfills both functions, with detectable and undetectable serum Tg levels regarded as markers of disease and disease-free status, respectively. Radioiodine administration is essential to increase Tg specificity, by eliminating any residual normal thyroid tissue that may contribute to Tg production and Tg sensitivity, allowing for TSH-mediated stimulation. As for the latter, endogenous or exogenous TSH stimulation is warranted to enable the detection of any residual microscopic foci of thyroid cancer cells, which may not be detected under suppressed or even normal TSH levels (29, 30) . A similar approach is usually recommended in those patients who have received RRA (3, 4) . Under these conditions, undetectable TSH-stimulated Tg levels have the highest sensitivity to accurately detect disease-free patients, with a negative predictive value of almost 100% (26, 31) . That being said, the need for TSH stimulation is expected to decline after the increasing use of ultrasensitive Tg assays (32) (33) (34) , although the cutoff offering the best balance between sensitivity and specificity still needs to be validated in larger prospective studies.
Which diagnostic tools can be used in non-RRA patients?
As discussed above, basal and stimulated serum Tg assessments are considered the cornerstone of postoperative surveillance programs for patients with DTC (3, 4) . Indeed, for individuals who have undergone surgery and postoperative RRA, detectable Tg levels are a highly specific marker of residual or recurrent disease, provided all of the normal thyroid tissue has been eliminated. However, for those who have not received RRA, the clinical significance of Tg assay positivity is unclear because Tg production may well originate from remnants of normal thyroid cells. In these patients, there are no reliable cutoffs that optimally distinguish Tg production from benign and malignant residual thyroid tissues. Serum Tg levels are directly related to the volume of normal thyroid remnant. Total thyroidectomy, especially in experienced hands, can leave only minimal or no remnants, rendering serum Tg very low or even undetectable. However, whereas initial serum Tg measurement is a less specific marker in nonablated patients, serial Tg determinations are informative during long-term surveillance. This issue has been specifically addressed in a recent study exploring the natural history of postoperative Tg production in a cohort of 290 LR PTC patients who were not treated with RRA (35) . One year after total thyroidectomy, serum Tg levels had dropped below the assay detection threshold of 0.2 ng/mL in about 60% of the patients, in the absence of TSH suppression and anti-thyroglobulin. In the remaining cases, Tg levels spontaneously declined over time, so that at the fifth year of F/U, 80% of patients had undetectable Tg levels. Thus, almost all of the patients spontaneously achieved the target Tg associated with radioiodine administration. Notably, all of these patients remained diseasefree after a median F/U of 5 years. DR was detected in a single patient in whom rising serum levels of Tg were observed during F/U. A similar experience was subsequently reported in a retrospective study showing that thyroidectomy alone was followed by a fairly rapid decline in serum Tg; by 6 months, Tg levels fell to Ͻ 0.5 ng/mL (functional assay sensitivity, Յ 0.10 ng/mL) in 61% of patients (36) . Overall, these data highlight that Tg measurement is useful in monitoring DTC patients who have not undergone RRA. Some (but not all) patients not receiving RRA have detectable Tg levels during the early phase of F/U, and this undeniably reduces the diagnostic value of Tg as a marker of residual disease. However, the temporal trend of serial Tg determinations yields an excellent negative (declining values) or positive (rising values) predictive value for thyroid cancer DR. In this regard, Miyauchi et al (37) suggested a postoperative serum Tg doubling-time of less than 1 year as a reliable predictive marker of locoregional and distant DR, irrespective of radioiodine administration.
This approach may result in somewhat later identification of DR. However, based on 2004 -2010 data from the Surveillance, Epidemiology, and End Results Program of the National Cancer Institute, the vast majority of DTC metastases are confined to the neck (86.7%) (38) . Indeed, neck US has been repeatedly proven to be a highly sensitive tool in detecting cervical node involvement, regardless of whether patients had (26, 39 -41) or had not (42) (43) (44) received RRA and irrespective of Tg values. Three different studies exploring the outcome of nonablated patients with LR and IR reported a structural DR rate of 0.3-4.1% (35, 42, 43) . In all cases, DR was confined to the neck and was detected by US. Moreover, a recent study demonstrated that early neck US (within 6 mo from initial treatment) is accurate and is an independent predictor of DR (45) . Sonographic criteria for identifying N1 are wellestablished (46) .
Thus, considering the increasingly large proportion of patients with DTC who do not undergo RRA, neck US is becoming the main tool of the early postoperative F/U, when Tg assay results are difficult to interpret. The diagnostic value of serum Tg determination increases with time as serial measurements accumulate and allow reliable predictions of disease status.
Goal 3: to treat microscopic or "occult" persistent disease fulfilling the role of adjuvant therapy

Radioiodine benefit for treating microscopic persistent disease: radioiodine adjuvant therapy (RAT)
Radioiodine can potentially treat microscopic persistent disease (3), and its efficacy to improve survival and DR in higher stage disease (12) probably depends on this adjuvant effect. We now review the current evidence for RAT benefit on DR prevention in LR and IR patients, where the evidence for efficacy is less clear.
RAT benefit in LR patients
To the best of our knowledge, there are no OPs or systematic reviews that demonstrate a benefit from RAT in DR prevention in LR patients published since 2008. In contrast, two OPs found no evidence of benefit (Supplemental Table A) (44, 47) . Retrospective and nonrandomized trials are prone to selection bias, and LR patients have very low DR rates. Any difference in DR rates in LR patients is difficult to demonstrate in this setting. On the other hand, the absence of a difference in DR rates in radioiodine-and nonradioiodine-treated patients may suggest the non-inferiority of the two approaches. Patients with microcarcinoma (tumors Յ 10 mm) will be discussed first, followed by a review of the data in patients with macrocarcinoma.
LR microcarcinomas.
Only one study on micro PTC (mPTC) without any aggressive features was found. In this retrospective series of 312 patients with unifocal mPTC, without aggressive histology, extrathyroidal invasion, or N1 or M1, patients received or did not receive RAT based on of their physicians' preferences (44) . No clinical or radiological recurrences were found in either the RAT or non-RAT group. In F/U, all patients in the RAT group had basal Tg Յ 1 ng/mL. In the non-radioiodine-treated group, 12 of 175 (7%) had basal Tg Ͼ 1.0 ng/mL (1.3-6 ng/mL), and in these patients Tg levels were stable or decreasing over time (44) . The clinical significance of a detectable Tg in this setting is uncertain because all imaging was negative and only a rising Tg is a reliable marker of persistent/ recurrent disease (3).
LR macrocarcinomas.
There is a similar lack of evidence of benefit from RAT in patients with LR macrocarcinomas. In a series of 965 LR DTC patients with a median F/U of 10.3 years, no impact of RAT on overall survival and on DFS was found after stratification by propensity score; age and gender were the only independent risk factors for overall survival and DFS (47) . Biochemical persistence of disease, ie, high Tg level or persistent anti-thyroglobulin, was not considered to be a relapse without evidence of structural disease (47) .
RAT benefit in IR patients and patients with other possible "risk modifiers"
We will now focus on IR patients. The presence of one or more of the following features defines IR: minimal extrathyroidal extension, aggressive histology (eg, tall cell, columnar, or diffuse sclerosing variants), vascular invasion, N1, and uptake outside the thyroid bed on DxWBS or RxWBS (3). Other potential higher risk features, such as multifocality or the V600E BRAF mutation, may also play a role in the decision to recommend RRA. We found 10 OPs (48 -57) that observed some benefit in reducing DR rates with RAT in IR patients and 14 OPs (43, 58 -70) that failed to show benefit from RRA in similar groups of patients (Tables 2, 3 , 4, and 5 and Supplemental Table B ). Microcarcinomas will be discussed first, followed by macrocarcinomas.
IR microcarcinoma. In a series of 704 mPTC patients, of whom 480 were IR, six had DR and all had received RAT (67) . No difference in DFS was found between RATtreated and non-RAT-treated patients (67) . RAT-treated patients had a significantly higher TNM stage compared to non-RAT-treated patients, but no differences were found among the other pathological and demographic features (67) .
Specific risk modifiers that are used to support RAT in IR microcarcinoma patients. Factors that have been considered to be risk modifiers for microPTC include: multifocality (50, 53, 56, 59, 60) , minimal extrathyroidal invasion (50, 53) , presence of N1 (49, 50, 53, 54, 56, 59, 60) , and BRAF status (70) (see Tables 2-5 ). For multifocality, two OPs found no difference in DR rates (59, 60) , whereas three OPs found some benefit from RAT (50, 53, 56) . For N1 status, 2 OPs found no difference (59, 60) . N1 status was an independent risk factor of DR in five OPs (49, 50, 53, 54, 56) , but no N1 stratified analysis for RAT benefit in DR prevention was done. RAT was considered of some benefit in mPTC with minimal extrathyroidal invasion in two OPs (50, 53) . No difference was found in RAT-treated and non-RAT-treated BRAF V600E patients (70) .
IR macrocarcinomas.
No difference between RAT-treated and non-RAT-treated IR patients with macrocarcinoma was observed in three OPs (58, 62, 64) , and three OPs observed very low DR rates in non-RAT-treated patients (43, 61, 63) . In nonrandomized studies such as these, one could argue that the RAT achieved its goal, actually reducing the number of recurrences that would have occurred had it not been given to these higher risk patients.
Specific risk modifiers that are used to support RAT in IR macrocarcinoma patients. Factors that have been considered to be risk modifiers for IR macrocarcinomas include: minimal extrathyroidal invasion (58, 66) , aggressive histology (48, 51, 65) , presence of N1 (55, 68, 69) , BRAF status (52), and other primary malignancy before DTC diagnosis (57) (see Tables 2-5 and Supplemental Table B ).
For minimal extrathyroidal invasion, two OPs found no difference in DR rates (58, 66) . RAT was found effective in preventing DR in aggressive variants of PTC (51) and was recommended for angioinvasive minimally invasive follicular thyroid carcinoma (FTC) and widely invasive FTC in two OPs (48, 65) . RAT was considered of some benefit in N1 patients in one OP (55), whereas two OPs found no benefit (68, 69) . BRAF V600E was proposed as a tool for RAT decision making (52) . DTC developing in the setting of a prior malignancy was associated with a worse overall survival, and RAT in these patients was associated with better overall survival (57).
Adverse Effects of Radioiodine in the Context of RRA
Side effects of radioiodine
Because the benefits of RRA are unproven in LR patients and in some IR patients, the risk of adverse effects should play an important role in the decision-making process. The most common side effects of radioiodine are listed in Table 6 . With typical ablative activities of radioiodine (ie, 30 -100 mCi), the most frequent acute side effects are nausea, transient sialoadenitis, and transient change in taste and smell (71, 72) . Subclinical abnormalities in blood count, lacrimal function, and gonadal function have also been observed (73) (74) (75) (76) . Chronic side effects are uncommon with low activity RRA, involve mainly salivary and lacrimal function (74, 77) , and have a linear correlation with the cumulative administered radioiodine activity (74) . An increased risk of a second primary malignancy has been observed for thyroid cancer patients in general, but the risk was significantly higher in patients treated with 131 I (78). A linear correlation was found for the risk of a second malignancy and the administered radioiodine activity; it was estimated that 100 mCi (3.7 GBq) of radioiodine will cause an excess of 53 solid malignancies and three leukemias in 10 000 patients over 10 years of F/U (79). Brown et al (78) noted that the period of highest risk for a second malignancy was in the first 5 years after radioiodine exposure, and that younger patients were particularly susceptible. However, the risk of a sec- ond malignancy is significantly increased with high cumulative activities (Ͼ500 -600 mCi) (79) . With increased RRA use in LR patients, a troubling increase in the frequency of second malignancies, especially leukemia, has recently been observed (80) . Although the occurrence of adverse effects, including second malignancies, is likely to be uncommon with low administered activities, recent data unfortunately indicate that relatively large administered activities are still being used for RRA (81) , with no evidence of benefit beyond that achieved with 30 -50 mCi (82-84).
Effects of RRA on QoL
Although a decreased rate of DR is an important goal in the management of DTC in LR and IR patients, RRA may provide little benefit and actually diminish healthrelated QoL. In a comprehensive systematic review of the literature, which included the results of randomized trials, thyroid hormone withdrawal for remnant ablation was associated with a transient worsening of health-related QoL compared to the use of recombinant human TSH (85) . Similar results were found in two more recent large multicenter randomized trials (86, 87) . In another study that examined patients' perceptions of their illness using a validated illness perception questionnaire, there was a statistically significant correlation between the number of radioiodine therapies and the perception of illness, especially indices of negative disease perception: illness identity, severity of consequences, and a negative response to illness (88) . Interestingly, there was no correlation of these factors with the number of surgeries, and patients with a lower educational achievement had a worse perception of their disease. The authors proposed that the relationship between radioiodine therapy and negative perception of illness could be linked to the fact that all the patients in the study had been withdrawn from thyroid hormone for RRA, the need for isolation following therapy, or both.
Factors that currently influence RRA usage
Somewhat surprisingly, given the paucity of evidence of benefit, an increased use of RRA has paralleled the increase in LR DTC incidence (81) . In the United States, the use of RRA increased for all tumor sizes from 40.5% in 1990 to 65% in 2008, and a greater likelihood of receiving RRA was observed for younger patients in multivariate analysis (odds ratio, 2.15; 95% confidence interval, 2.04 -2.26) (89) . A large hospital-based variation was also observed, with patient and tumor characteristics explaining only 21% of this variation; hospitals with higher numbers of thyroid cancer cases were associated with higher RRA use (89) . In LR patients, young age (90) and multiple tumor foci (80) were associated with increased RRA use. Higher socioeconomic status has also been associated with greater RRA use and lower AJCC stage (91) . Moreover, in the United States, RRA use is influenced by geographic region, especially for LR patients (variation from 28 to 47%) (92) .
In a recent survey of over 500 providers, most whom were endocrinologists, factors considered important in the decision to use RRA in LR and IR patients included not only prognostic factors and the patient's willingness to receive RRA, but also the patient and physician degree of worry about cancer death (93) . Because the death rate in LR thyroid cancer is close to zero and is not much worse in many IR patients, these data reveal a significant knowledge gap.
In an in-depth study of 16 thyroid cancer patients' attitudes and experiences regarding radioiodine therapy after surgical treatment of thyroid cancer, patients reported receiving contradictory information about radioiodine therapy from various sources, including their own primary care physicians, endocrinologists, and the Internet. Patients regretted not having received simple information about potential risks and benefits and uncertainties re- garding RRA, and they were particularly emphatic about the need to disclose the possibility of DR despite RRA (94) . Patients in the study made four recommendations for physician counseling about RRA: 1) provide an explanation of the rationale for or against RRA using the patient's clinical status in the discussion; 2) in plain language, provide the risks and benefits of RRA as well as the uncertainties and the possibility of DR despite RRA; 3) provide a multidisciplinary team-based approach and individualized care; and 4) provide information pertinent to their care that is present in current clinical practice guidelines (94) .
Strategies for Sparing Patients From RRA
Together with ATA risk class, additional criteria have been utilized to help in the decision whether to administer an ablative dose of radioiodine. A pretreatment DxWBS with no uptake is one traditional criterion to exclude patients from RRA. ATA guidelines recommend pretreatment DxWBS only: 1) when the extent of the thyroid remnant cannot be ascertained from the surgical report or with neck US; or 2) if the results would alter the decision to perform RRA or the administered RRA activity (3). However, DxWBS is often not performed because of high cost and the concern about stunning when 131 I (but not 123 I) is used (3) . Undetectable Tg has been proposed as a criterion to spare patients from RRA. In one study, patients with stimulated Tg Յ 1 ng/mL had very low rates of DR despite not receiving RRA (63) , and in another study, RRAtreated and non-RRA-treated patients with nonstimulated undetectable Tg (defined as a Tg Ͻ 1 ng/mL) had no difference in DR (64) .
Conclusions
In reviewing the rationales for RRA in LR and IR patients, the arguments for early staging and facilitation of F/U with Tg levels are not convincingly supported by the available data. With regard to early staging, RxWBS discloses few metastatic foci in cervical nodes, whereas neck US has shown excellent negative predictive value and accuracy (26, 42, 45, 46) . Furthermore, the occurrence of M1 in LR and IR patients is rare, and high or rising levels of Tg will suggest the need for further investigation in such patients. The prevention of DR remains a valid argument for radioiodine in an adjuvant role, but no benefit from RAT has been shown for LR patients. In IR patients, or in the presence of risk modifiers such as multifocality or an adverse genetic profile, the benefit of RRA in DR prevention remains controversial. Several studies suggest that in selected patients, DR rates are similar between RRA-treated and non-RRA-treated patients (44, 59, 60, 62, 64, 66 -68) , suggesting the non-inferiority of the two approaches. Selected series of non-RRA-treated patients report very low rates of DR (61, 63) . On the other hand, the proportion of LR and IR patients varies widely among the dif- ferent series. Some analyses examining specific putative higher risk factors suggest that some features traditionally considered to be worrisome, such as microscopic extrathyroidal invasion, alone are not a sufficient argument for RRA (66) . With regard to N1 status, the location, number, and size and the presence of extrathyroidal extension of metastatic lymph nodes, rather than the presence or absence of N1, are key features for DR risk estimates (28) . The presence of a BRAF mutation in PTC has been associated with a worse outcome, but the association is not independent from other tumor features (95) . Furthermore, iodine metabolism gene expression is compromised in BRAF-mutated tumors (96) , and some reports have linked the BRAF mutation with radioiodine refractoriness (97, 98 In some patients, DxWBS or the use of basal or stimulated Tg may help to eliminate RRA from consideration. Careful and vigilant F/U with US and basal Tg measurement can be a reliable alternative to RRA. If Tg levels rise or suspicious findings on physical examination or neck US appear, restaging is warranted, and RRA could be considered. An undetectable serum Tg, especially in a highsensitivity Tg assay, and negative neck US 6 -12 months after surgery should enable many LR and IR patients to be categorized as being "free of disease," despite not having undergone RRA.
